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57 ABSTRACT

Method and apparatus for characterizing metal oxide reduc-
tion using metal oxide films formed in an anneal chamber
are disclosed. Oxygen is provided into an anneal chamber. A
substrate including a metal seed layer is exposed to the
oxygen and exposed to a heated substrate support in the
anneal chamber to form a metal oxide of the metal seed
layer. The oxidized substrate can be stored for later use or
transferred to a processing chamber for reducing the metal
oxide to metal. The oxidized substrates formed in this
manner provide metal oxides that are repeatable, uniform,
and stable. The oxidized substrate is exposed to a reducing
treatment under conditions that reduce the metal oxide to
metal in the form of a film integrated with the metal seed
layer.
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1
METHOD AND APPARATUS FOR
CHARACTERIZING METAL OXIDE
REDUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 62/065,545, filed Oct. 17, 2014, and
titled “METHOD OF PLASMA PROCESS CHARACTER-
IZATION USING METAL OXIDE FILMS,” which is incor-
porated by reference herein in its entirety and for all pur-
poses.

INTRODUCTION

1. Field of the Invention

This disclosure generally relates to forming a metal oxide
on a substrate for use in characterizing metal oxide reduc-
tion. Certain aspects of this disclosure pertain to forming a
metal oxide by exposing a substrate with a metal seed layer
to oxygen and to elevated temperatures in an anneal cham-
ber for use in characterizing metal oxide reduction.

2. Background

Formation of metal wiring interconnects in integrated
circuits (ICs) can be achieved using a damascene or dual
damascene process. Typically, trenches or holes are etched
into dielectric material, such as silicon dioxide, located on a
substrate. The holes or trenches may be lined with one or
more adhesion and/or diffusion barrier layers. A thin layer of
metal may be deposited in the holes or trenches that can act
as a seed layer for electroplated metal. Thereafter, the holes
or trenches may be filled with electroplated metal. Typically,
the seed metal is copper. However, other metals such as
ruthenium, palladium, iridium, rhodium, osmium, cobalt,
nickel, gold, silver, and aluminum, or alloys of these metals,
may also be used.

To achieve higher performance ICs, many of the features
of'the ICs are being fabricated with smaller feature sizes and
higher densities of components. In some damascene pro-
cessing, for example, copper seed layers on 2x-nm node
features may be as thin as or thinner than 50 A. In some
implementations, metal seed layers on 1x-nm node features
may be applied that may or may not include copper. Tech-
nical challenges arise with smaller feature sizes in producing
metal seed layers and metal interconnects substantially free
of voids or defects.

Metal in metal seed layers may react to form metal oxides
from exposure to an environment containing oxygen. In
plating a metal seed layer with metal, for example, the metal
seed layer may be exposed to one or more instances of
environments containing oxygen. A substrate including the
metal seed layer can undergo several processes prior to
plating that can lead to oxidation, such as when the substrate
is transferred to an electroplating apparatus or when the
substrate is cleaned (e.g., rinsed and dried). The formation of
metal oxides can present several technical problems, espe-
cially in subsequent plating of metal on the metal seed layer.
For example, plating metal on an oxidized seed layer can
result in void formation, pitting, non-uniform plating, and
adhesion/delamination problems.

Reduction of metal oxides to metal can be achieved using
dry or wet reducing treatments. In some implementations,
metal oxides can be reduced to metal using a plasma
processing treatment. Various systems and apparatuses may
be capable of reducing metal oxides to metal, though the
effectiveness of such systems and apparatuses may not be
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certain. Determining and characterizing metal oxide reduc-
tion in such systems and apparatuses may be critical in
monitoring, calibrating, testing, and qualitfying the perfor-
mance of the metal oxide reduction.

SUMMARY

This disclosure pertains to methods of characterizing
metal oxide reduction, where the method includes: (a)
providing oxygen into an anneal chamber, (b) providing a
substrate with a metal seed layer formed thereon in the
anneal chamber, (c) exposing the substrate to conditions for
forming a metal oxide of the metal seed layer in the anneal
chamber, (d) providing the substrate in a processing cham-
ber, and (e) exposing the substrate to a reducing treatment
under conditions that reduce the metal oxide to metal in the
form of a film integrated with the metal seed layer.

In some implementations, providing the oxygen into the
anneal chamber includes exposing the anneal chamber to
atmospheric conditions. In some implementations, provid-
ing oxygen into the anneal chamber includes closing the
anneal chamber from atmospheric conditions and flowing
oxygen into the anneal chamber. In some implementations,
exposing the substrate to conditions for forming the metal
oxide includes converting greater than 90% of the metal of
the metal seed layer to metal oxide. In some implementa-
tions, the method further includes heating a substrate sup-
port in the anneal chamber, where the substrate is provided
on the heated substrate support. In some implementations,
the method further includes measuring a first sheet resis-
tance of the substrate prior to exposing the substrate to the
reducing treatment, measuring a second sheet resistance of
the substrate after exposing the substrate to the reducing
treatment, and measuring a third sheet resistance of the
substrate prior to exposing the substrate to conditions for
forming the metal oxide.

This disclosure also pertains to an apparatus for charac-
terizing metal oxide reduction, where the apparatus includes
an anneal chamber, a substrate support for holding a sub-
strate in the anneal chamber, where the substrate includes a
metal seed layer, a processing chamber separate from the
anneal chamber, and a controller configured with instruc-
tions for performing the following operations: (a) providing
oxygen into the anneal chamber, (b) heating the substrate
support in the anneal chamber, (c) exposing the substrate to
the heated substrate support and to the oxygen to form a
metal oxide of the metal seed layer in the anneal chamber,
(d) transferring the substrate to the processing chamber, (e)
exposing the substrate to a reducing treatment under condi-
tions that reduce the metal oxide to metal in the form of a
film integrated with the metal seed layer.

In some implementations, providing the oxygen into the
anneal chamber includes exposing the anneal chamber to
atmospheric conditions. In some implementations, the appa-
ratus further includes a door configured to open and close the
anneal chamber and a gas inlet for delivering oxygen into the
anneal chamber, where providing oxygen into the anneal
chamber includes flowing oxygen into the anneal chamber
when the anneal chamber is closed. In some implementa-
tions, greater than 90% of the metal of the metal seed layer
is converted to metal oxide after exposing the substrate to
the heated substrate support and to the oxygen. In some
implementations, the controller is further configured with
instructions for measuring a first sheet resistance of the
substrate prior to exposing the substrate to the reducing
treatment, and measuring a second sheet resistance of the
substrate after exposing the substrate to the reducing treat-
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ment. In some implementations, the apparatus further
includes a remote plasma source coupled to the processing
chamber, where exposing the substrate to the reducing
treatment includes: forming a remote plasma of a reducing
gas species in the remote plasma source, where the remote
plasma includes one or more of: radicals, ions, and ultra-
violet radiation from the reducing gas species, and exposing
the substrate to the remote plasma.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows an example of a cross-sectional schematic
of dielectric layers prior to a via etch in a damascene
process.

FIG. 1B shows an example of a cross-sectional schematic
of the dielectric layers in FIG. 1A after an etch has been
performed in the damascene process.

FIG. 1C shows an example of a cross-sectional schematic
of the dielectric layers in FIGS. 1A and 1B after the etched
regions have been filled with metal in the damascene pro-
cess.

FIG. 2A shows an example of a cross-sectional schematic
of an oxidized metal layer.

FIG. 2B shows an example of a cross-sectional schematic
of a metal layer with a void due to removal of metal oxide.

FIG. 2C shows an example of a cross-sectional schematic
of'a metal layer with reduced metal oxide forming a reaction
product not integrated with the metal layer.

FIG. 2D shows an example of a cross-sectional schematic
of a metal layer with reduced metal oxide forming a film
integrated with the metal layer.

FIG. 3 shows a flow diagram illustrating an example
method of characterizing metal oxide reduction.

FIG. 4 shows a flow diagram illustrating an example
process flow for forming a metal oxide on a substrate for use
in characterizing metal oxide reduction.

FIG. 5 shows a three-dimensional perspective view of an
anneal chamber in an electroplating apparatus.

FIG. 6 shows an example of a cross-sectional schematic
diagram of a remote plasma apparatus with a processing
chamber.

FIG. 7A shows an example of a top view schematic of an
electroplating apparatus.

FIG. 7B shows an example of a magnified top view
schematic of a remote plasma apparatus with an electroplat-
ing apparatus.

FIG. 7C shows an example of a three-dimensional per-
spective view of a remote plasma apparatus attached to an
electroplating apparatus.

FIG. 8 shows measurements of sheet resistance pre-
oxidation, post-oxidation, and post-reduction for 10 sub-
strates oxidized through a single anneal chamber and for 15
substrates oxidized through different anneal chambers.

FIG. 9 shows post-reduction sheet resistance values for
the 25 substrates with respect to the mean and with respect
to the first, second, and third standard deviation values.

FIG. 10 shows scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of 200 A
of copper seed layer subjected to atmospheric annealing for
2 minutes at a temperature of 200° C.

FIG. 11 shows SEM images of 200 A copper seed layer
subjected to atmospheric annealing for variable times at a
temperature of 200° C.

FIG. 12 shows TEM images of 200 A copper seed layer
subjected to atmospheric annealing for variable times at a
temperature of 200° C.
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FIG. 13 shows images of wafers pre-oxidation, post-
oxidation, and post-reduction for different thicknesses of
copper seed.

DETAILED DESCRIPTION

In the following description, numerous specific details are
set forth in order to provide a thorough understanding of the
presented concepts. The presented concepts may be prac-
ticed without some or all of these specific details. In other
instances, well known process operations have not been
described in detail so as to not unnecessarily obscure the
described concepts. While some concepts will be described
in conjunction with the specific embodiments, it will be
understood that these embodiments are not intended to be
limiting.

Introduction

In this application, the terms “semiconductor wafer,”
“wafer,” “substrate,” “wafer substrate,” and “partially fab-
ricated integrated circuit” are used interchangeably. One of
ordinary skill in the art would understand that the term
“partially fabricated integrated circuit” can refer to a silicon
wafer during any of many stages of integrated circuit
fabrication thereon. A wafer or substrate used in the semi-
conductor device industry typically has a diameter of 200
mm, or 300 mm, or 450 mm. The following detailed
description assumes the invention is implemented on a
wafer. However, the invention is not so limited. The work
piece may be of various shapes, sizes, and materials. In
addition to semiconductor wafers, other work pieces that
may take advantage of this invention include various articles
such as printed circuit boards, magnetic recording media,
magnetic recording sensors, mirrors, optical elements,
micro-mechanical devices and the like.

The process of depositing, or plating, metal onto a con-
ductive surface via an electrochemical reaction can be
referred to generally as electroplating or electrofilling. This
can include electroless plating techniques. Bulk electrofill-
ing refers to plating a relatively large amount of copper to fill
trenches and vias.

Although the present disclosure may be used in a variety
of applications, one very useful application is the damascene
or dual damascene process commonly used in the manufac-
ture of semiconductor devices. The damascene or dual
damascene processes may include metal interconnects, such
as copper interconnects. A generalized version of a dual
damascene technique may be described with reference to
FIGS. 1A-1C, which depicts some of the stages of the dual
damascene process.

FIG. 1A shows an example of a cross-sectional schematic
of one or more dielectric layers prior to a via etch in a
damascene process. In a dual damascene process, first and
second layers of dielectric are normally deposited in suc-
cession, possibly separated by deposition of an etch stop
layer, such as a silicon nitride layer. These layers are
depicted in FIG. 1A as a first dielectric layer 103, second
dielectric layer 105, and etch stop layer 107. These are
formed on an adjacent portion of a substrate 109, which a
portion may be an underlying metallization layer or a gate
electrode layer (at the device level).

After deposition of the second dielectric layer 105, the
process forms a via mask 111 having openings where vias
will be subsequently etched. FIG. 1B shows an example of
a cross-sectional schematic of the one or more dielectric
layers in FIG. 1A after an etch has been performed in the
damascene process. Next, vias are partially etched down
through the level of etch stop 107. Then via mask 111 is
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stripped off and replaced with a line mask 113 as depicted in
FIG. 1B. A second etch operation is performed to remove
sufficient amounts of dielectric to define line paths 115 in
second dielectric layer 105. The etch operation also extends
via holes 117 through first dielectric layer 103, down to
contact the underlying substrate 109 as illustrated in FIG.
1B.

Thereafter, the process forms a thin layer of relatively
conductive barrier layer material 119 on the exposed sur-
faces (including sidewalls) of dielectric layers 103 and 105.
FIG. 1C shows an example of a cross-sectional schematic of
the dielectric layers in FIGS. 1A and 1B after the etched
regions have been coated with a conductive barrier layer
material and filled with metal in the damascene process.
Conductive barrier layer material 119 may be formed, for
example, of tantalum nitride (TaN) or titanium nitride (TiN).
A chemical vapor deposition (CVD), an atomic layer depo-
sition (ALD), or a physical vapor deposition (PVD) opera-
tion is typically employed to deposit the conductive barrier
layer material 119.

On top of the conductive barrier layer material 119, the
process then deposits conductive metal 121 (typically,
though not necessarily, copper) in the via holes and line
paths 117 and 115. Conventionally this deposition is per-
formed in two steps: an initial deposition of a metal seed
layer followed by bulk deposition of metal by plating. The
metal seed layer may be deposited by PVD, CVD, electro-
less plating, or any other suitable deposition technique
known in the art. Note that the bulk deposition of copper not
only fills line paths 115 but, to ensure complete filling,
covers all the exposed regions on top of second dielectric
layer 105. The metal 121 may serve as copper interconnects
for IC devices. In some embodiments, metals other than
copper are used in the seed layer. Examples of such other
metals include cobalt, tungsten, and ruthenium.

The initial deposition of the metal seed layer can be
achieved using a plating process. For example, an electro-
plating process can deposit a conformal and continuous
copper seed layer onto a conductive surface. Electroplating
the copper seed layer can include electroplating a semi-
noble metal layer. The semi-noble metal layer may be part
of'a diffusion barrier or serve as the diffusion barrier. Typical
diffusion barrier layers such as tantalum and tantalum nitride
have relatively high resistivity (about 220 uQ-cm), and in
addition form highly stable oxides onto which electrodepo-
sition of adherent densely nucleated films is difficult or
impossible. Ruthenium, cobalt, and other semi-noble metals,
which have a resistivity of about 9 uQ-cm, may be deposited
on a TaN layer to provide diffusion barrier/liners of rela-
tively low resistivity.

Metal seed layers can readily react with oxygen or water
vapor in the air and oxidize from a pure metal into a mixed
film of a metal oxide and a buried pure metal. While
oxidation under ambient conditions may be limited to a thin
surface layer of some metals, such a thin layer may represent
a significant fraction or perhaps the entire thickness of thin
seed layers used in current technology nodes. The relatively
thin layers may be necessitated by the technology node, such
as the 4xnm node, the 3xnm node, the 2xnm node, and the
1xnm node, and less than 10 nm. The height to width aspect
ratio of vias and trenches in technology nodes necessitating
relatively thin metal layers can be about 5:1 or greater. In
such technology nodes, the thickness of the metal seed layer
can be less than about 100 A on average as a result. In some
implementations, the thickness of the metal seed layer can
be less than about 50 A on average.
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Through the general chemical reactions shown in Equa-
tion 1 and Equation 2 below, metals used for seed layers and
semi-noble metal layers are converted to metal oxides
(Mox), though the exact reaction mechanisms between the
metal surfaces (M) and ambient oxygen or water vapor can
vary depending on the properties and the oxidation state.

2M+05(5)>2MOx(, Equation 1

2M(+H0 )= M, 0x+Hy Equation 2

For example, copper seed deposited on substrates is
known to rapidly form copper oxide upon exposure to the
air. A copper oxide film can form a layer that is approxi-
mately 20 A and upwards to 50 A thick on top of underlying
copper metal. Moreover, cobalt layers deposited on sub-
strates are known to rapidly form cobalt oxide. As metal
seed layers become thinner and thinner, the formation of
metal oxides from oxidation in ambient conditions can pose
significant technical challenges.

Conversion of pure metal seed to metal oxide can lead to
several problems. This is true not only in current copper
damascene processing, but also for electroplating processes
that use different conductive metals, such as ruthenium,
cobalt, silver, aluminum, and alloys of these metals. First, an
oxidized surface is difficult to plate on. Due to different
interactions that electroplating bath additives can have on
metal oxide and pure metal, non-uniform plating may result.
As aresult of the differences in conductivity between a metal
oxide and a pure metal, non-uniform plating may further
result. Second, voids may form in the metal seed that may
make portions of the metal seed unavailable to support
plating. The voids may form as a result of dissolution of
metal oxide during exposure to corrosive plating solutions.
The voids also may form on the surface due to non-uniform
plating. Additionally, plating bulk metal on top of an oxi-
dized surface can lead to adhesion or delamination prob-
lems, which can further lead to voids following subsequent
processing steps, such as chemical mechanical planarization
(CMP). Voids that result from etching, non-uniform plating,
delamination, or other means may make the metal seed layer
discontinuous, and unavailable to support plating. In fact,
because modern damascene metal seed layers are relatively
thin, such as about 50 A or thinner, even a little oxidation
may consume an entire layer thickness. Third, metal oxide
formation may impede post-electrodeposition steps, such as
capping, where the metal oxide may limit adhesion for
capping layers.

The aforementioned issues may also occur for plating
metal seed layers on semi-noble metal layers. Substrates
with a semi-noble metal layer, such as a cobalt layer, may
have significant portions of the semi-noble metal layer
converted to oxide. Plating a metal seed layer, such as a
copper seed layer, on the semi-noble metal layer can lead to
void formation, pitting, non-uniform plating, and adhesion/
delamination problems.

FIGS. 2A-2D show examples of cross-sectional schemat-
ics of a metal layer deposited on a conductive barrier layer.
However, a person of ordinary skill in the art will understand
that the metal layer may be part of the conductive barrier
layer.

FIG. 2A shows an example of a cross-sectional schematic
of an oxidized metal layer 220 deposited over a conductive
barrier layer 219. In some implementations, the metal layer
220 may be oxidized upon exposure to oxygen or water
vapor in ambient conditions, which can convert metal to a
metal oxide 225 in a portion of the metal layer 220. The
metal oxide 225 can be a native oxide. In the present
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disclosure, the metal layer 220 may be oxidized in an anneal
chamber for use in characterizing the performance of metal
oxide reduction, where the metal oxide 225 can be a thermal
oxide.

FIG. 2B shows an example of a cross-sectional schematic
of a metal layer 220 with a void due to removal of metal
oxide. In some implementations, some solutions treat the
metal oxide 225 by removal of the metal oxide 225, resulting
in voids 226. For example, the metal oxide 225 can be
removed by oxide etching or oxide dissolution by an acid or
other chemical. Because the thickness of the void 226 can be
relatively large with respect to the thinness of the metal layer
220, the effect of the void 226 on subsequent plating can be
significant.

FIG. 2C shows an example of a cross-sectional schematic
of a metal layer 220 with reduced metal oxide forming a
reaction product not integrated with the metal layer. In some
implementations, some treatments reduce the metal oxide
225 under conditions that agglomerate metal with the metal
layer 220. In some implementations, reducing techniques
generate metal particles 227, such as copper powder, that
can agglomerate with the metal layer 220. The metal par-
ticles 227 do not form an integrated film with the metal layer
220. Instead, the metal particles 227 are not continuous,
conformal, and/or adherent to the metal layer 220.

FIG. 2D shows an example of a cross-sectional schematic
of'a metal layer 220 with reduced metal oxide forming a film
228 integrated with the metal layer 220. In some embodi-
ments, radicals of a reducing gas species, ions of the
reducing gas species, UV radiation generated from excita-
tion of the reducing gas species, or the reducing gas species
itself can reduce the metal oxide 225. When process con-
ditions for the reducing gas atmosphere are appropriately
adjusted, the metal oxide 225 in FIG. 2A may convert to a
film 228 integrated with the metal layer 220. The film 228
is not a powder. In contrast to the example in FIG. 2C, the
film 228 can have several properties that integrate it with the
metal layer 220. For example, the film 228 can be substan-
tially continuous and conformal over the contours metal
layer 220. Moreover, the film 228 can be substantially
adherent to the metal layer 220, such that the film 228 does
not easily delaminate from the metal layer 220.

Forming Metal Oxide for Use in Characterizing Metal Oxide
Reduction

Disclosed herein is a method of producing a stable,
repeatable, and uniform metal oxide on a substrate that can
be used to characterize the performance of a metal oxide
reduction process. Each substrate can provide a metal oxide
that can be used to qualify and test an apparatus for reducing
metal oxide to metal. The metal oxide can be formed in an
anneal chamber and can behave similarly to native oxides of
the metal. In some implementations, the apparatus can be a
plasma processing reduction apparatus with a remote plasma
source.

Forming a metal oxide on a metal seed layer is generally
undesirable in semiconductor processing, especially in view
of some of the problems discussed earlier in electroplating.
Accordingly, systems and apparatuses are typically designed
to eliminate or limit the formation of metal oxides. However,
it may be uncertain how effective such systems and appa-
ratuses perform with respect to reducing metal oxide to
metal. To monitor and test the effectiveness of these systems
and apparatuses for reducing metal oxide to metal, a process
is provided for consistently producing a stable and uniform
metal oxide on the substrate.

For applications that aim to form metal oxides, such as
copper oxides, current technology can use a PECVD cham-
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ber. Using a PECVD chamber, a copper oxide and carbon
film can be grown on one or more substrates. The one or
more substrates are placed into the PECVD chamber and a
radio-frequency (RF) plasma is used to form the copper
oxide or to deposit carbon film. However, copper oxide
grown on the one or more substrates are not uniform for each
substrate, and the copper oxide grown on each substrate is
not consistent substrate-to-substrate. Furthermore, the cop-
per oxide itself does not share the same characteristics as
native copper oxides. Without being limited by any theory,
the copper oxide grown using a PECVD process may share
different characteristics due in part to differences in surface
roughness and due in part to incorporation of gases during
plasma formation of the copper oxide. Moreover, the
PECVD process may be a dedicated tool during use and can
require more equipment setup, require longer process times,
and inhibit the ability to run other processes simultaneously.
The PECVD process may also not be compatible with
metals other than copper.

The present disclosure can use thermal oxide growth
rather than plasma. Adjustments in time, temperature, and
metal film thickness can be made to tune results for specific
applications. Forming stable, repeatable, and uniform metal
oxide films can occur using thermal oxide growth under
appropriate conditions. Thermal oxide growth can have the
following advantages. First, the set up time can be reduced
compared to a PECVD set up. Second, throughput can be
higher because PECVD can operate slower than an anneal
chamber. Third, the tool integrated with the anneal chamber
can be available for other processing even during thermal
oxide growth, whereas the PECVD tool is conventionally
dedicated to a plasma process only. Fourth, the resulting
oxide from thermal oxide growth is more uniform and the
process more repeatable than the PECVD process. Fifth, the
thermal oxide has properties that behave more similarly to
its native oxide than a PECVD oxide. Sixth, the substrates
can be batch processed and stored for later use with thermal
oxide growth. Finally, other metals may be processed for
similar purposes, while PECVD may be limited to copper.

FIG. 3 shows a flow diagram illustrating an example
method of characterizing metal oxide reduction. The opera-
tions in a process 300 may be performed in different orders
and/or with different, fewer, or additional operations.

A process 300 can begin at block 305, where oxygen is
provided into an anneal chamber. Anneal chambers typically
maintain an atmosphere that contain little to no oxygen. In
some implementations, anneal chambers may include mass
flow controllers (MFCs) configured to flow carrier or inert
gases, such as hydrogen, nitrogen, and helium. However, the
anneal chamber at block 305 can receive oxygen to create an
oxygen-rich atmosphere. In some implementations, an oxy-
gen-rich atmosphere can include between about 5% and
about 100% oxygen, or between about 15% and about 100%
oxygen. The oxygen-rich atmosphere in the anneal chamber
at block 305 can include one or more gases in addition to
oxygen. In some implementations, the oxygen-rich atmo-
sphere can also include at least one of hydrogen, nitrogen,
helium, neon, krypton, xenon, radon, and argon. The con-
centration of these gases can be controlled by MFCs.

Providing oxygen into the anneal chamber at block 305
can occur in different ways. In some implementations,
providing oxygen into the anneal chamber includes exposing
the anneal chamber to atmospheric conditions. Atmospheric
conditions can include a pressure of at least 600 torr and an
oxygen content of at least 15%. Exposure to atmospheric
conditions allows air to flow into the anneal chamber, and
the anneal chamber can be exposed for a duration of time to
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equilibrate with the atmospheric conditions. In some imple-
mentations, providing oxygen into the anneal chamber
includes closing the anneal chamber from atmospheric con-
ditions and flowing oxygen into the anneal chamber. Using
an MFC or another component fluidly coupled to the anneal
chamber, a controlled amount of oxygen can be flowed into
the anneal chamber. The anneal chamber may be sealed from
the external environment to provide a controlled atmo-
sphere, where gases including oxygen may be delivered into
the anneal chamber to control the concentration of gases in
the atmosphere. In some implementations, one or more
doors may be closed to seal the anneal chamber from the
external environment. The one or more doors may facilitate
increased gas purity in the anneal chamber and improved gas
flow distribution and heat control.

At block 310 of the process 300, a substrate is provided
with a metal seed layer formed thereon in the anneal
chamber. Generally, the metal seed layer can be deposited
using any appropriate deposition technique, such as physical
vapor deposition (PVD), chemical vapor deposition (CVD),
atomic layer deposition (ALD), electroplating, and electro-
less plating. In some implementations, the metal seed layer
can be deposited on the substrate using PVD. In some
implementations, the metal seed layer may be deposited on
a blanket substrate, where the blanket substrate can provide
a vehicle to repeatedly produce a film that can be measured
before oxidation, after oxidation, and after reduction. In
some implementations, the metal seed layer may be depos-
ited on a patterned substrate, where the substrate can include
one or more features having sidewalls and bottoms. The
features can include trenches, recesses, and vias for copper
interconnects in a damascene process. In some implemen-
tations, the features have a height to width aspect ratio of
greater than about 5:1, such as greater than about 10:1.
Patterned substrates with various metal types may be used
and oxidized to further understand and evaluate geometric
influences on oxide reduction.

A metal seed layer can be deposited on the substrate,
where the metal seed layer can be formed over the surface
of a blanket substrate or over the features of a patterned
substrate. Examples of metals in the metal seed layer can
include but are not limited to copper, ruthenium, palladium,
iridium, rhodium, osmium, cobalt, nickel, gold, silver, and
aluminum, or alloys of these metals. In some implementa-
tions, the metal seed layer can be a copper seed layer. Rather
than a thin metal seed layer, the metal seed layer can be
relatively thick. In some implementations, the metal seed
layer can have an average thickness between about 50 A and
about 400 A, such as between about 100 A and about 250 A.
A thicker metal seed layer can be less sensitive to fluctua-
tions in chemistry over time. In some implementations, the
metal seed layer may be deposited on a semi-noble metal
layer, where the semi-noble metal layer can serve as a
diffusion barrier/liner of relatively low resistivity. In some
implementations, the semi-noble metal layer can include
cobalt. The metal seed layer and the semi-noble metal layer
may be formed on a blanket substrate. However, in some
implementations, one or both of the metal seed layer and the
semi-noble metal layer can be continuous and conformally
deposited over the features of a patterned substrate.

In some implementations, the anneal chamber may be part
of an electroplating apparatus. That way, oxidation in the
anneal chamber can occur in the same apparatus as the
electroplating process without having to transfer to a sepa-
rate tool. In some implementations, the oxidation process,
reduction process, and plating process can be integrated in
the same tool, thereby reducing the amount of equipment
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setup. Furthermore, the same tool may be available for other
processing even when oxidation is being performed in the
anneal chamber, whereas a separate tool (e.g., PECVD tool)
may be dedicated to a single processing step only. Through-
put may be increased not only by running oxidation and
other processing steps simultaneously, but throughput for
oxidation in an anneal chamber can be higher than oxidation
in a PECVD tool.

In some implementations, the anneal chamber can include
a substrate support (e.g., pedestal) for supporting the sub-
strate. In some implementations, the substrate support can be
temperature-controlled. The substrate support can transfer
heat to the substrate via conduction, convection, radiation,
or combinations thereof. In some implementations, the sub-
strate support can be heated to heat the substrate to a
temperature between about 50° C. and about 500° C., such
as about 100° C. and about 400° C. The heated substrate
support can increase or otherwise control the rate of oxida-
tion of the substrate.

The process 300 can further include heating the substrate
support in the anneal chamber. In some implementations, the
substrate can be provided on the heated substrate support.
The temperature of the heated substrate support can be
between about 50° C. and about 500° C., between about
100° C. and about 400° C., or between about 150° C. and
about 250° C.

Providing the substrate into the anneal chamber at block
310 can occur before, after, or simultaneous with providing
oxygen into the anneal chamber at block 305. Thus, the
order of block 305 and block 310 may be interchangeable
with each other. That way, the substrate may already be
provided or simultaneously provided into the anneal cham-
ber with creating an oxygen-rich atmosphere in the anneal
chamber.

At block 315 of the process 300, the substrate is exposed
to conditions for forming a metal oxide of the metal seed
layer in the anneal chamber. The substrate provided in the
anneal chamber may be exposed to the oxygen-rich atmo-
sphere of the anneal chamber. Oxygen may react with the
metal to form metal oxide in a chemical reaction shown in
Equation 1. The substrate may be exposed to the oxygen-
rich atmosphere for a duration of time to convert all or
substantially all of the metal seed layer to metal oxide. In
some implementations, exposing the substrate to conditions
for forming a metal oxide includes converting greater than
about 90% of the metal of the metal seed layer to metal
oxide.

In some implementations, exposing the substrate to con-
ditions for forming the metal oxide includes simultaneously
exposing the substrate to the oxygen in the anneal chamber
and to the heated substrate support. Thus, the substrate can
be heated to an elevated temperature while being exposed to
oxygen in the atmosphere of the anneal chamber. Thermal
oxides of the metal seed layer can form on the substrate that
behave similarly to native oxides of the metal seed layer. In
some implementations, the conditions for forming the ther-
mal oxide include at least an oxygen-rich atmosphere and an
elevated temperature, where the oxygen-rich atmosphere
can include between about 5% oxygen and about 100%
oxygen or between about 15% oxygen and 100% oxygen,
and the temperature of the substrate can be heated to
between about 100° C. and about 400° C. The pressure in the
anneal chamber can be between about 1x10~ torr and about
1520 torr. In some implementations, the substrate can be
exposed to such conditions for a sufficient period of time to
convert all or substantially all of the metal seed layer to
metal oxide, where the period of time can be between about
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1 minute and about 10 minutes. Nonetheless, the time and
temperature during exposure can vary depending on the
thickness of the metal seed layer or the type of metal. The
time and temperature during exposure can be configured to
achieve a reproducible resistivity change of the substrate
before and after oxidation. The time and temperature during
exposure can also be configured to achieve a reproducible
resistivity change of the substrate before oxidation and after
reduction. In some implementations, the time and tempera-
ture during exposure can be selected to oxidize at least 90%
or more of the metal to metal oxide. When oxidation is
complete or when a desired amount of oxidation has
occurred, the substrate may be cooled. In some implemen-
tations, the substrate may be transferred to a cooled pedestal
to stop the reaction.

The metal oxide formed after exposure to the conditions
in the anneal chamber can be stable, repeatable, and uni-
form. The metal oxide remains chemically stable over time
so that the substrate is the same or substantially the same
even after long periods of time. Thus, the substrate can be
stored for later use without undergoing changes physically
or chemically while in storage. The metal oxide is repeatable
in that the characteristics of the metal oxide can be consis-
tently reproduced under specified conditions in the anneal
chamber. For example, when the substrate is exposed to a
specific time and temperature, a consistent resistivity change
of the substrate before and after the oxidation can be
reproduced substrate-to-substrate. In addition, the metal
oxide is uniform in that the oxidation of the metal seed layer
is uniform across the substrate, or at least more uniform than
the PECVD oxidation process. For example, the amount of
oxidation of the metal seed layer does not significantly
change from center-to-edge of the substrate.

The concentrations of the gases in the anneal chamber
may be used to alter the characteristics of the metal oxide.
Different reactive gases may be introduced into the anneal
chamber to alter the composition of the film that grows on
the metal seed layer. Also, by controlling the flow of gases
in the anneal chamber, including the flow of oxygen, the rate
of oxidation, the amount of oxidation, and the nature of the
chemical reactions with the metal seed layer can be changed.
For more precise composition control, the flow of gases can
be controlled by MFCs. The gases may flow through a
diffusor system to provide greater uniformity of distribution
across the substrate. In addition, the temperature of the gases
in the anneal chamber may be used to alter the characteris-
tics of the metal oxide, where one or more gases may be
heated or cooled in the anneal chamber. In some implemen-
tations, a vacuum pump can alter the pressure of the atmo-
sphere in the anneal chamber, which can further change the
characteristics of the metal oxide. The vacuum pump can
further control atmosphere in the anneal chamber before and
during gas injection.

At block 320 of the process 300, the substrate is provided
in a processing chamber. The processing chamber may be
configured to reduce metal oxides to metal. In some imple-
mentations, the substrate may be transferred from the anneal
chamber to the processing chamber. In some implementa-
tions, the substrate may be transferred from storage to the
processing chamber. The processing chamber may be con-
figured to reduce metal oxides to metal using a dry reducing
treatment or a wet reducing treatment. For a dry reducing
treatment, the processing chamber can be a plasma process-
ing chamber with a remote plasma source. In some imple-
mentations, the processing chamber can be part of the
electroplating apparatus. Hence, the anneal chamber for
oxidation, the processing chamber for reducing the metal
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oxides to metal, and a plating station for plating bulk metal
on the metal seed layer may be integrated in a single tool.

At block 325 of the process 300, the substrate is exposed
to a reducing treatment under conditions that reduce the
metal oxide to metal in the form of a film integrated with the
metal seed layer. In some implementations, the reducing
treatment is a dry treatment that includes forming a remote
plasma of a reducing gas species. Examples of a reducing
gas species can include but is not limited to hydrogen and
ammonia. The remote plasma can include radicals of the
reducing gas species, ions of the reducing gas species, and
UV radiation generated from excitation of the reducing gas
species. The metal oxide of the metal seed layer can be
exposed to the remote plasma to reduce the metal oxide to
metal in the form of a film integrated with the metal seed
layer. Characteristics of the film integrated with the metal
seed layer are discussed in further detail with respect to
FIGS. 2A-2D

The remote plasma may include radicals of the reducing
gas species, such as, for example, H*, NH,*, or N,H;*. The
radicals of the reducing gas species react with the metal
oxide surface to generate a pure metallic surface. As dem-
onstrated below, Equation 3 shows an example of reducing
gas species such as hydrogen gas being broken down into
hydrogen radicals. Equation 4 shows the hydrogen radicals
reacting with the metal oxide surface to convert the metal
oxide to metal. For hydrogen gas molecules that are not
broken down or hydrogen radicals that recombine to form
hydrogen gas molecules, the hydrogen gas molecules can
still serve as a reducing agent for converting the metal oxide
to metal, as shown in Equation 5. The radicals of the
reducing gas species, ions of the reducing gas species, UV
radiation from the reducing gas species, or the reducing gas
species itself react with the metal oxide under conditions
that convert the metal oxide to metal in the form of a film
integrated with the metal seed layer.

H,—=2H* Equation 3
(x)2H*+MOx—=M+(x)H,O Equation 4
xH,+MOx—=M+xH,0 Equation 5

In some other implementations, the reducing treatment is
a wet reducing treatment. The wet reducing treatment can
include contacting the metal oxide of the metal seed layer
with a solution containing a reducing agent. The reducing
agent can include at least one of a boron-containing com-
pound, such as a borane or borohydride, a nitrogen-contain-
ing compound, such as a hydrazine, and a phosphorus-
containing compound, such as a hypophosphite. The
solution can include additives like an accelerator or addi-
tives that increase the wetting potential of the surface of the
copper seed layer or that increase the stability of the reduc-
ing agent. A wet reducing treatment for reducing metal
oxides to metal in the form of a film integrated with a metal
seed layer can be described in U.S. patent application Ser.
No. 13/741,141, filed Jan. 14, 2013.

The substrate on which the metal oxide is formed can be
used to monitor, calibrate, test, qualify, or characterize a
subsequent metal oxide reduction process. In some imple-
mentations, the resistivity (e.g., sheet resistance) of the
substrate can be measured before reduction and the resis-
tivity of the substrate can be measured after reduction. Other
forms of analysis may be used to characterize the oxidation
of the metal seed layer, including but not limited to analyz-
ing the visual appearance of the substrate. In some imple-
mentations, the process 300 further includes measuring a
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first sheet resistance of the substrate prior to exposing the
substrate to the reducing treatment and measuring a second
sheet resistance of the substrate after exposing the substrate
to the reducing treatment. The measurements can be used to
characterize the reducing treatment to determine if the
reducing treatment is performing effectively and consis-
tently. In some implementations, the process 300 can further
include measuring a third sheet resistance of the substrate
prior to exposing the substrate to conditions for forming the
metal oxide. Regardless of the first sheet resistance of the
substrate prior to exposing the substrate to the reducing
treatment, the second sheet resistance of the substrate after
exposing the substrate to the reducing treatment can be
consistent substrate-to-substrate. In some implementations,
the substrate can be characterized visually or using a param-
eter such as resistivity, which can provide a visual and
numerical indicator of the effectiveness of the reducing
treatment. Such characterizations may be useful in measur-
ing, monitoring, qualifying, and testing the effectiveness of
a plasma processing chamber or any other reducing appa-
ratus.

The substrate can be characterized in terms of oxide
formation at the following stages: (1) before the oxide is
formed, (2) after the oxide is formed, and (3) after the oxide
is reduced. For example, the amount of oxide formation can
be indicated by the resistivity change before the oxide is
formed and after the oxide is formed. In another example,
the amount of reduction of the oxide can be indicated by the
resistivity after the oxide is reduced compared to the resis-
tivity before the oxide is formed. Typically, the resistivity
after the oxide is reduced is somewhat higher than the
resistivity before the oxide is formed. If the resistivity after
the oxide is reduced is reasonably close to the resistivity
before the oxide is formed, this can be a good indicator of
the performance of the metal oxide reduction process. If the
change in resistivity is relatively large from before the oxide
is reduced to after the oxide is reduced, then this can also be
a good indicator of the performance of the metal oxide
reduction process. Using such measurements of resistivity
comparison and resistivity change, the quality of the reduc-
tion process can be reproducibly measured.

In some implementations, the process 300 further
includes repeating the operations of block 305, block 310,
and block 315 for a plurality of additional substrates prior to
providing the substrate in the processing chamber at block
320. Each of the additional substrates may be identical or
substantially identical. The aforementioned operations are
repeated to reproducibly form metal oxides. Thus, each of
the additional substrates may be oxidized to form a supply
of substrates that can be used to monitor, calibrate, test,
qualify, or characterize the performance of a processing
chamber for reducing metal oxides to metal. The supply of
additional substrates may be stored for later use.

In some implementations, the process 300 further
includes repeating the operations of block 320 and block 325
for each of the plurality of additional substrates after expos-
ing the substrate to the reducing treatment at block 315.
Each of the additional substrates can undergo reducing
treatments for reducing the metal oxides of the metal seed
layers. After analyzing the reduction of the metal oxides for
any of the additional substrates, the effectiveness of the
plasma processing chamber or reducing apparatus can be
determined.

The process 300 can monitor and verify the stability of a
reducing treatment for reducing metal oxides. In some
implementations, the process 300 allows for monitoring the
stability and characterization of a plasma process used to
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reduce metal oxide (e.g., copper oxide) to metal prior to
plating (e.g., damascene copper plating). Other reducing
treatments may also be monitored and characterized from
the metal oxides provided in the process 300.

FIG. 4 shows a flow diagram illustrating an example
process flow for forming a metal oxide on a substrate for use
in characterizing metal oxide reduction. The operations in a
process 400 may be performed in different orders and/or
with different, fewer, or additional operations.

The process 400 begins at block 405 where process gases
are turned off in an anneal chamber and the anneal chamber
is exposed to the atmosphere. MFCs may control the flow of
various gases such as hydrogen, helium, and nitrogen into
the anneal chamber, and the MFCs may be turned off to
cease the flow of such gases into the anneal chamber. The
anneal chamber can be opened to allow air from ambient
conditions to enter into the anneal chamber, where the air
can provide a source of oxygen. The pressure in the anneal
chamber can be about 0.5 torr. The anneal chamber can be
part of an electroplating apparatus, where the electroplating
apparatus includes the anneal chamber, a plasma processing
chamber, and a plating station. The exposed anneal chamber
can provide an atmospheric anneal on a substrate.

At block 410 of the process 400, the pedestal is heated to
at least 200° C. in the anneal chamber. The pedestal can be
heated at the same time that the anneal chamber is exposed
to the atmosphere. The anneal chamber can be exposed to
the atmosphere for a stabilization period, where the stabili-
zation period can last at least 15 minutes so that the anneal
chamber can equilibrate with the atmosphere. The pedestal
can also be heated to 200° C. during that stabilization period.
The heated pedestal can provide a hot plate type anneal in
the anneal chamber.

At block 415 of the process 400, a substrate is moved onto
a cool plate in the anneal chamber by an external robot arm.
The substrate can include a metal seed layer, such as a
copper or tantalum seed layer. The metal seed layer can have
a thickness between about 100 A and about 250 A. After the
stabilization period ends in the anneal chamber, the substrate
can be transferred via the external robot arm to a cool plate
in the anneal chamber.

At block 420 of the process 400, the substrate is moved
to the heated pedestal by an internal robot arm. During this
time, the substrate is exposed to the oxygen-rich environ-
ment of the anneal chamber and exposed to the heated
pedestal. The substrate can be exposed under such condi-
tions for an oxidation period, where the oxidation period can
be at least 2 minutes. The substrate can grow a thermal oxide
film of the metal seed layer under such conditions.

At block 425 of the process 400, the substrate is moved
to a cooling pedestal by the internal robot arm. After the
oxidation period ends, the substrate is cooled by the cooling
pedestal for a cooling period. The cooling period can be at
least 25 seconds. The substrate can be subsequently trans-
ferred by the external robot arm from the cooling pedestal to
another part of the electroplating apparatus.

After the substrate is cooled, the process 400 can continue
at block 430a or block 4305. At block 4304, the substrate is
stored for later use. The substrate includes a stable, repeat-
able, and uniform oxide film that can be used in advance of
need. At block 4305, the substrate is transferred for metal
oxide reduction testing. To perform metal oxide reduction
testing, the substrate is pre-measured, processed through the
plasma processing chamber, and post-measured.

At block 435, a sheet resistance of the substrate is
pre-measured. In some implementations, the sheet resistance
of the substrate can be pre-measured using four point probe
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apparatus, such as RS-100™ Four Point Probe, which is
available from KILLA-Tencor of Milpitas, Calif.

At block 440, the substrate is processed through oxide
reduction. In some implementations, the oxide reduction can
occur in a plasma processing chamber that includes a remote
plasma source. The thermal oxide film can be exposed to a
remote plasma to reduce the thermal oxide film to metal of
the metal seed layer.

At block 445, a sheet resistance of the substrate is
post-measured. In some implementations, the sheet resis-
tance of the substrate can be post-measured using a four
point probe apparatus, such as RS100™ Four Point Probe.
The post-measured sheet resistance can be compared to the
pre-measured sheet resistance to determine the effectiveness
of the oxide reduction process and to determine if the
reducing treatment is performing as expected.

FIG. 5 shows a three-dimensional perspective view of an
anneal chamber in an electroplating apparatus. The three-
dimensional perspective view is a cutaway view of an anneal
chamber 500 that can be part of an electroplating apparatus
(not shown). In fact, the anneal chamber 500 may be one of
many anneal chambers stacked on top of one another or in
another arrangement in the electroplating apparatus. In some
implementations, gas can flow into the anneal chamber 500
through a gas inlet (not shown) and out of the anneal
chamber 500 through an exhaust (not shown). In some
implementations, oxygen can flow into the anneal chamber
500 by exposure to atmospheric conditions. A substrate may
be loaded into the anneal chamber 500 through an opening
in the anneal chamber 500, such as a chamber slit 510. The
anneal chamber 500 can include a cold plate 520 and a hot
plate 540. The hot plate 540 can be heated to a temperature
between about 50° C. and about 500° C., such as between
about 100° C. and about 400° C. The cold plate 520 can
remain at room temperature or at a temperature below room
temperature, where room temperature is between about 18°
C. and about 30° C. When the substrate is loaded into the
anneal chamber 500, the substrate can be placed on the cold
plate 510. An internal robot arm 530 can transfer the
substrate from the cold plate 520 to the hot plate 540. The
hot plate 540 can heat the substrate to a desired temperature
for increasing or controlling the rate of oxidation of the
substrate. The substrate can be placed on the hot plate 540
for a desired time to grow a thermal oxide film. Afterwards,
the substrate can be transferred via the internal robot arm
530 from the hot plate 540 to the cold plate 520. The
substrate can be cooled on the cold plate 520 to limit or
otherwise stop the oxidation, and then transferred out of the
anneal chamber 500 for subsequent processing.

The anneal chamber 500 for thermal oxide growth can
include a pedestal for supporting a substrate, such as the hot
plate 540. In some implementations, the anneal chamber 500
and the pedestal can be configured to provide a relatively
uniform temperature across the substrate. In some imple-
mentations, the substrate may rest on sapphire balls, pins, or
other minimum contact supports so that the surface of the
substrate does not entirely rest on the pedestal. Gas may be
flowed beneath the surface of the substrate to aid in uniform
heat transfer by radiant heat. Temperature uniformity of the
substrate may be controlled by one or more conditions
during this process, such as substrate placement, gas flow,
etc.

In some implementations, a pedestal heater may provide
greater uniformity using a gradient design and having mul-
tiple heating zones. In some implementations, the pedestal
heater can include a plurality of electrical rings. In some
implementations, the pedestal heater can include UV lights
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or LED lights to adjust the intensity of the heat transferred
to the substrate. In some implementations, the size of the
pedestal heater may be changed to allow even more edge
heating.

FIG. 6 shows an example of a cross-sectional schematic
diagram of a remote plasma apparatus with a processing
chamber. The remote plasma apparatus 600 includes a
processing chamber 650, which includes a substrate support
605 such as a pedestal, for supporting a substrate 610. The
remote plasma apparatus 600 can include movable members
615, such as lift pins, which are capable of moving the
substrate 610 away from or towards the substrate support
605. In addition, the remote plasma apparatus 600 can
include one or more gas inlets 622 to flow cooling gas 660
through the processing chamber 650. The remote plasma
apparatus 600 also includes a remote plasma source 640
over the substrate 610, and a showerhead 630 between the
substrate 610 and the remote plasma source 640. A reducing
gas species 620 can flow from the remote plasma source 640
towards the substrate 610 through the showerhead 630. The
showerhead 630 may be configured to permit temperature
control of the showerhead 630. A remote plasma may be
generated in the remote plasma source 640 to produce
radicals of the reducing gas species 620. The radicals can be
carried in the gas phase towards the substrate 610 through
the showerhead 630. The remote plasma may also include
ions and other charged species of the reducing gas species.
The remote plasma may further include photons, such as UV
radiation, from the reducing gas species 620. The remote
plasma may reduce metal oxides to metal on the substrate
610. Coils 644 may surround the walls of the remote plasma
source 640 and generate a remote plasma in the remote
plasma source 640. A controller 635 may contain instruc-
tions for controlling parameters for the operation of the
remote plasma apparatus 600. The controller 635 will typi-
cally include one or more memory devices and one or more
processors. The processor may include a CPU or computer,
analog and/or digital input/output connections, stepper
motor controller boards, etc. Aspects of the controller 635
may be further described with respect to the controller in
FIGS. 7A and 7B. Implementations of a remote plasma
apparatus 600 can be described in U.S. patent application
Ser. No. 13/787,499 entitled “METHODS FOR REDUC-
ING METAL OXIDE SURFACES TO MODIFIED METAL
SURFACES USING A GASEOUS REDUCING ENVI-
RONMENT,” filed Mar. 6, 2013 to Spurlin et al., U.S. patent
application Ser. No. 14/020,339 entitled “METHOD AND
APPARATUS FOR REMOTE PLASMA TREATMENT
FOR REDUCING METAL OXIDES ON A METAL SEED
LAYER,” filed Sep. 6, 2013 to Spurlin et al., and U.S. patent
application Ser. No. 14/086,770 entitled “METHOD AND
APPARATUS FOR REMOTE PLASMA TREATMENT
FOR REDUCING METAL OXIDES ON A METAL SEED
LAYER,” filed Nov. 21, 2013 to Spurlin et al., each of which
is incorporated herein by reference in its entirety and for all
purposes.

A remote plasma apparatus can be connected to an
electrofill apparatus, such as an electroplating apparatus.
The remote plasma apparatus can be a chamber configured
to reduce metal oxides on a substrate, including native
oxides, thermal oxides, and the like. In some implementa-
tions, the metal oxide can include copper oxide and the
metal seed layer can include a copper seed layer. In the
electrofill apparatus, copper oxide dissolves easily when
exposed to current copper plating solutions, while copper
metal dissolves more slowly. Reducing the copper oxide
back to copper can improve the surface wetting behavior of
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the substrate and decrease copper dissolution, thereby reduc-
ing the chance of voiding in features of the substrate during
plating. In addition to the remote plasma apparatus, the
electrofill apparatus can be connected to one or more ther-
mal anneal chambers. The one or more thermal anneal
chambers can be configured to create stable, repeatable, and
uniform metal oxide films on metal seed layers, where the
metal oxide films can be used to test, monitor, and charac-
terize the remote plasma apparatus. Programming instruc-
tions can be made on a system controller in communication
with the one or more thermal anneal chambers.

FIG. 7A shows an example of a top view schematic of an
electroplating apparatus. The electroplating apparatus 700
can include three separate electroplating modules 702, 704,
and 706. The electroplating apparatus 700 can also include
three separate modules 712, 714, and 716 configured for
various process operations. For example, in some imple-
mentations, modules 712 and 716 may be spin rinse drying
(SRD) modules and module 714 may be an annealing
station. However, the use of SRD modules may be rendered
unnecessary after exposure to a reducing gas species from a
remote plasma treatment. In some implementations, at least
one of the modules 712, 714, and 716 may be post-electrofill
modules (PEMs), each configured to perform a function,
such as edge bevel removal, backside etching, acid cleaning,
spinning, and drying of substrates after they have been
processed by one of the electroplating modules 702, 704,
and 706.

The electroplating apparatus 700 can include a central
electroplating chamber 724. The central electroplating
chamber 724 is a chamber that holds the chemical solution
used as the plating solution in the electroplating modules
702, 704, and 706. The electroplating apparatus 700 also
includes a dosing system 726 that may store and deliver
additives for the plating solution. A chemical dilution mod-
ule 722 may store and mix chemicals that may be used as an
etchant. A filtration and pumping unit 727 may filter the
plating solution for the central electroplating chamber 724
and pump it to the electroplating modules 702, 704, and 706.

In some implementations, the electroplating apparatus
700 includes an annealing station 732, where the annealing
station 732 may be used to anneal substrates as pretreatment
or oxidize substrates for qualifying and testing a metal oxide
reduction process. As discussed, the annealing station 732
may be used to form metal oxides on a metal seed layer of
a substrate for use in characterizing a subsequent metal
oxide reduction process. For example, the annealing station
732 may be used to perform an atmospheric anneal to grow
a metal oxide film, such as copper oxide or tantalum oxide.
The annealing station 732 may include a pedestal capable of
being heated to an elevated temperature. The annealing
station 732 may be capable of being exposed to atmospheric
conditions to create an oxygen-rich environment inside the
annealing station 732. In some implementations, the anneal-
ing station 732 may also include one or more MFCs for
flowing gases into the annealing station 732. The annealing
station 732 may include a number of stacked annealing
devices, e.g., five stacked annealing devices. The annealing
devices may be arranged in the annealing station 732 one on
top of another, in separate stacks, or in other multiple device
configurations. An example of an annealing device can be
described in FIG. 5.

A system controller 730 provides electronic and interface
controls required to operate the electroplating apparatus 700.
The system controller 730 (which may include one or more
physical or logical controllers) controls some or all of the
properties of the electroplating apparatus 700. The system
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controller 730 typically includes one or more memory
devices and one or more processors. The processor may
include a central processing unit (CPU) or computer, analog
and/or digital input/output connections, stepper motor con-
troller boards, and other like components. Instructions for
implementing appropriate control operations as described
herein may be executed on the processor. These instructions
may be stored on the memory devices associated with the
system controller 730 or they may be provided over a
network. In certain implementations, the system controller
730 executes system control software.

The system control software in the electroplating appa-
ratus 700 may include instructions for controlling conditions
in the annealing station 732. This can include instructions
for controlling pedestal temperature, gas flows, chamber
pressure, substrate position, substrate rotation, timing, and
other parameters performed by the electroplating apparatus
700. System control software may be configured in any
suitable way. For example, various process tool component
sub-routines or control objects may be written to control
operation of the process tool components necessary to carry
out various process tool processes. System control software
may be coded in any suitable computer readable program-
ming language.

In some implementations, system control software
includes input/output control (IOC) sequencing instructions
for controlling the various parameters described above. For
example, each phase of an electroplating process may
include one or more instructions for execution by the system
controller 730, each phase of an oxidation process by the
annealing station 732 may include one or more instructions
for execution by the system controller 730, and each phase
of the pretreatment or reducing process may include one or
more instructions for execution by the system controller
730. In electroplating, the instructions for setting process
conditions for an immersion process phase may be included
in a corresponding immersion recipe phase. In pretreatment
or reducing, the instructions for setting process conditions
for exposing the substrate to a remote plasma may be
included in a corresponding reducing phase recipe. In some
implementations, the phases of electroplating and reducing
processes may be sequentially arranged, so that all instruc-
tions for a process phase are executed concurrently with that
process phase.

Other computer software and/or programs may be
employed in some implementations. Examples of programs
or sections of programs for this purpose include a substrate
positioning program, an electrolyte composition control
program, a pressure control program, a heater control pro-
gram, a potential/current power supply control program.
Other examples of programs or sections of this program for
this purpose include a timing control program, movable
members positioning program, a substrate support position-
ing program, a remote plasma apparatus control program, a
pressure control program, a substrate support temperature
control program, a showerhead temperature control pro-
gram, a cooling gas control program, and a gas atmosphere
control program.

In some implementations, there may be a user interface
associated with the system controller 730. The user interface
may include a display screen, graphical software displays of
the apparatus and/or process conditions, and user input
devices such as pointing devices, keyboards, touch screens,
microphones, etc.

Signals for monitoring the process may be provided by
analog and/or digital input connections of the system con-
troller 730 from various process tool sensors. The signals for
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controlling the process may be output on the analog and
digital output connections of the process tool. Non-limiting
examples of process tool sensors that may be monitored
include mass flow controllers, pressure sensors (such as
manometers), thermocouples, etc. Appropriately pro-
grammed feedback and control algorithms may be used with
data from these sensors to maintain process conditions, such
as temperature of the substrate.

These systems may be integrated with electronics for
controlling their operation before, during, and after process-
ing of a semiconductor wafer or substrate. In general, the
electronics are referred to as the controller 730, which may
control various components or subparts of the system or
systems. The controller 730, depending on the processing
requirements and/or the type of system, may be programmed
to control any of the processes disclosed herein, including
the delivery of processing gases, temperature settings (e.g.,
heating and/or cooling), pressure settings, vacuum settings,
power settings, radio frequency (RF) generator settings, RF
matching circuit settings, frequency settings, flow rate set-
tings, fluid delivery settings, positional and operation set-
tings, wafer transfers into and out of a tool and other transfer
tools and/or load locks connected to or interfaced with a
specific system.

Broadly speaking, the controller 730 may be defined as
electronics having various integrated circuits, logic,
memory, and/or software that receive instructions, issue
instructions, control operation, enable cleaning operations,
enable endpoint measurements, and the like. The integrated
circuits may include chips in the form of firmware that store
program instructions, digital signal processors (DSPs), chips
defined as application specific integrated circuits (ASICs),
and/or one or more microprocessors, or microcontrollers
that execute program instructions (e.g., software). Program
instructions may be instructions communicated to the con-
troller 730 in the form of various individual settings (or
program files), defining operational parameters for carrying
out a particular process on or for a semiconductor wafer or
to a system. The operational parameters may, in some
embodiments, be part of a recipe defined by process engi-
neers to accomplish one or more processing steps during the
fabrication of one or more layers, materials (e.g., silicon
carbide), surfaces, circuits, and/or dies of a wafer.

The controller 730, in some implementations, may be a
part of or coupled to a computer that is integrated with,
coupled to the system, otherwise networked to the system, or
a combination thereof. For example, the controller 730 may
be in the “cloud” or all or a part of a fab host computer
system, which can allow for remote access of the wafer
processing. The computer may enable remote access to the
system to monitor current progress of fabrication operations,
examine a history of past fabrication operations, examine
trends or performance metrics from a plurality of fabrication
operations, to change parameters of current processing, to
set processing steps to follow a current processing, or to start
a new process. In some examples, a remote computer (e.g.
a server) can provide process recipes to a system over a
network, which may include a local network or the Internet.
The remote computer may include a user interface that
enables entry or programming of parameters and/or settings,
which are then communicated to the system from the remote
computer. In some examples, the controller 730 receives
instructions in the form of data, which specify parameters
for each of the processing steps to be performed during one
or more operations. It should be understood that the param-
eters may be specific to the type of process to be performed
and the type of tool that the controller 730 is configured to
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interface with or control. Thus as described above, the
controller 730 may be distributed, such as by comprising one
or more discrete controllers that are networked together and
working towards a common purpose, such as the processes
and controls described herein. An example of a distributed
controller for such purposes would be one or more inte-
grated circuits on a chamber in communication with one or
more integrated circuits located remotely (such as at the
platform level or as part of a remote computer) that combine
to control a process on the chamber.

A hand-off tool 740 may select a substrate from a sub-
strate cassette such as the cassette 742 or the cassette 744.
The cassettes 742 or 744 may be front opening unified pods
(FOUPs). A FOUP is an enclosure designed to hold sub-
strates securely and safely in a controlled environment and
to allow the substrates to be removed for processing or
measurement by tools equipped with appropriate load ports
and robotic handling systems. The hand-off tool 740 may
hold the substrate using a vacuum attachment or some other
attaching mechanism

The hand-off tool 740 may interface with the annealing
station 732, the cassettes 742 or 744, a transfer station 750,
or an aligner 748. From the transfer station 750, a hand-off
tool 746 may gain access to the substrate. The transfer
station 750 may be a slot or a position from and to which
hand-off tools 740 and 746 may pass substrates without
going through the aligner 748. In some implementations,
however, to ensure that a substrate is properly aligned on the
hand-off tool 746 for precision delivery to an electroplating
module, the hand-off tool 746 may align the substrate with
an aligner 748. The aligner 748 can include alignment pins
against which the hand-off tool 740 pushes the substrate.
When the substrate is properly aligned against the alignment
pins, the hand-off tool 740 moves to a preset position with
respect to the alignment pins. The hand-off tool 746 may
also deliver a substrate to one of the electroplating modules
702, 704, or 706 or to one of the three separate modules 712,
714, and 716 configured for various process operations.

By way of an example, a metal seed layer may be
deposited onto the substrate by PVD. In some implementa-
tions, the hand-off tool 740 may transfer the substrate from
one of the FOUPs 742, 744 to the annealing station 732. The
controller 730 may include instructions for providing oxy-
gen into the annealing station 732. In some implementations,
the annealing station 732 may be exposed to atmospheric
conditions so air can enter. In some other implementations,
oxygen may be flowed into the annealing station 732 while
the annealing station 732 is closed from atmospheric con-
ditions. The annealing station 732 may be modified to allow
for atmospheric annealing or the annealing station 732 may
be equipped to flow oxygen into the annealing station 732.
The controller 730 may further include instructions for
heating a substrate support in the annealing station 732, and
expose the substrate to the heated substrate support and the
oxygen in the annealing station 732. Exposure to the heated
substrate support and the oxygen in the annealing station
732 can form a metal oxide of the metal seed layer. The
substrate can be transferred by the hand-off tool 740 to a
remote plasma apparatus 760 shown in FIG. 7B for reducing
the metal oxide to metal in the form of a film integrated with
the metal seed layer. The controller 730 may include instruc-
tions for transferring the substrate in and out of the annealing
station 732. The controller 730 may also include instructions
for measuring oxide formation at various stages, including
(1) before the oxide is formed in the annealing station 732,
(2) after the oxide is formed in the annealing station 732, and
(3) after the oxide is reduced in the remote plasma apparatus
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760. Such measurements may be useful in determining the
performance of the remote plasma apparatus 760.

A single tool may be capable of performing the sequence
of oxidation and reduction. The tool can include one or more
plasma processing reduction chambers (e.g., remote plasma
apparatus 760) and one or more annealing chambers (e.g.,
annealing station 732). In some implementations, the tool
can include one or more plating stations (e.g., electroplating
modules 702, 704, and 706).

In some implementations, a remote plasma apparatus may
be part of or integrated with the electroplating apparatus
700, and the annealing chamber 732 may be part of or
integrated with the electroplating apparatus 700. FIG. 7B
shows an example of a magnified top view schematic of a
remote plasma apparatus 760 with an electroplating appa-
ratus 700. However, it is understood by those of ordinary
skill in the art that the remote plasma apparatus may
alternatively be attached to any suitable metal deposition
apparatus. FIG. 7C shows an example of a three-dimen-
sional perspective view of a remote plasma apparatus 760
attached to an electroplating apparatus 700. The remote
plasma apparatus 760 may be attached to the side of the
electroplating apparatus 700. The remote plasma apparatus
760 may be connected to the electroplating apparatus 700 in
such a way so as to facilitate efficient transfer of the substrate
to and from the remote plasma apparatus 760 and the
electroplating apparatus 700. The hand-off 740 may gain
access to the substrate from cassette 742 or 744. The
hand-off tool 740 may pass the substrate to the remote
plasma apparatus 760 for exposing the substrate to a remote
plasma treatment and a cooling operation. The hand-off tool
740 may pass the substrate from the remote plasma appa-
ratus 760 to the transfer station 750. In some implementa-
tions, the aligner 748 may align the substrate prior to transfer
to one of the electroplating modules 702, 704, and 706 or
one of the three separate modules 712, 714, and 716.

Operations performed in the electroplating apparatus 700
may introduce exhaust that can flow through front-end
exhaust 762 or a back-end exhaust 764. The electroplating
apparatus 700 may also include a bath filter assembly 766
for the central electroplating station 724, and a bath and cell
pumping unit 767 for the electroplating modules 702, 704,
and 706.

In some implementations, the system controller 730 may
control the parameters for the process conditions in the
remote plasma apparatus 760. Non-limiting examples of
such parameters include substrate support temperature,
showerhead temperature, substrate support position, mov-
able members position, cooling gas flow, cooling gas tem-
perature, process gas flow, process gas pressure, venting gas
flow, venting gas, reducing gas, plasma power, and exposure
time, transfer time, etc. These parameters may be provided
in the form of a recipe, which may be entered utilizing the
user interface as described earlier herein.

Operations in the remote plasma apparatus 760 that is part
of the electroplating apparatus 700 may be controlled by a
computer system. In some implementations, the computer
system is part of the system controller 730 as illustrated in
FIG. 7A. In some implementations, the computer system
may include a separate system controller (not shown)
including program instructions. The program instructions
may include instructions to perform all of the operations
needed to reduce metal oxides to metal in a semi-noble metal
layer or metal seed layer. The program instructions may also
include instructions to perform all of the operations needed
to cool the substrate, position the substrate, and load/unload
the substrate.
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The apparatus/process described hereinabove may be
used in conjunction with lithographic patterning tools or
processes, for example, for the fabrication or manufacture of
semiconductor devices, displays, LEDs, photovoltaic panels
and the like. Typically, though not necessarily, such tools/
processes will be used or conducted together in a common
fabrication facility. Lithographic patterning of a film typi-
cally includes some or all of the following operations, each
operation enabled with a number of possible tools: (1)
application of photoresist on a workpiece, i.e., substrate,
using a spin-on or spray-on tool; (2) curing of photoresist
using a hot plate or furnace or UV curing tool; (3) exposing
the photoresist to visible or UV or x-ray light with a tool
such as a wafer stepper; (4) developing the resist so as to
selectively remove resist and thereby pattern it using a tool
such as a wet bench; (5) transferring the resist pattern into
an underlying film or workpiece by using a dry or plasma-
assisted etching tool; and (6) removing the resist using a tool
such as an RF or microwave plasma resist stripper.

It is to be understood that the configurations and/or
approaches described herein are exemplary in nature, and
that these specific embodiments or examples are not to be
considered in a limiting sense, because numerous variations
are possible. The specific routines or methods described
herein may represent one or more of any number of pro-
cessing strategies. As such, various acts illustrated may be
performed in the sequence illustrated, in other sequences, in
parallel, or in some cases omitted. Likewise, the order of the
above-described processes may be changed.

Examples and Data

FIG. 8 shows measurements of sheet resistance pre-
oxidation, post-oxidation, and post-reduction for 10 sub-
strates oxidized through a single anneal chamber and for 15
substrates oxidized through different anneal chambers. Each
of the substrates included a copper seed layer having a
thickness of 200 A. Each of the substrates were placed in one
of five anneal chambers, where the first 10 substrates were
placed in anneal chamber #1, and the remaining 15 sub-
strates were divided evenly among anneal chambers #1-#5.
The measured oxygen levels in each of the anneal chambers
were reasonably consistent, with anneal chamber #1 having
20.6% oxygen, anneal chamber #2 having 20.6% oxygen,
anneal chamber #3 having 20.7% oxygen, anneal chamber
#4 having 21.2% oxygen, and anneal chamber #5 having
21.2% oxygen. The anneal chambers each underwent a 15
minute stabilization period. After the stabilization period,
each of the substrates were exposed to oxygen in the anneal
chamber for 120 seconds and exposed to a pedestal heated
to 200° C. Copper oxide formed in the copper seed layers in
the anneal chambers. Then the substrates were exposed to a
reducing treatment in a remote plasma apparatus for 120
seconds. Sheet resistance values were measured for (1)
pre-oxidation, (2) post-oxidation, and (3) post-reduction.
Measurements were taken for 25 substrates and in different
anneal chambers to demonstrate repeatability. The change in
sheet resistance following reduction showed substantial
drops from post-oxidation values to post-reduction values.
Despite variations in the post-oxidation measurements, the
post-reduction measurements showed very consistent sheet
resistance values, where the post-reduction sheet resistance
values were only slightly higher than the pre-oxidation sheet
resistance values.

FIG. 9 shows post-reduction sheet resistance values for
the 25 substrates with respect to the mean and with respect
to the first, second, and third standard deviation values. The
mean post-reduction sheet resistance value was between
about 2.6 ohms/square and about 2.8 ohms/square. Regard-
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less of the anneal chamber and regardless of the variation of
sheet resistance values following oxidation, the 25 sub-
strates were generally within two standard deviations of the
mean post-reduction sheet resistance value. The data shows
that the post-reduction sheet resistance values are consistent
and that the reducing treatment of the copper oxide is
effective.

FIG. 10 shows SEM and TEM images of 200 A of copper
seed layer subjected to atmospheric annealing for 2 minutes
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post-oxidation sheet resistance values were not significantly
high for the lower annealing temperatures. The signals for
higher annealing temperatures were greater. Thus, a 200 A
copper seed layer annealed at 200° C. can provide an
excellent reference point for metal oxide formation to char-
acterize a metal oxide reduction process. The 200 A copper
seed layer annealed at 200° C. had a relatively high post-
oxidation sheet resistance value (39.87 ohms/square) to give
a strong indication of metal oxide formation, and had a

o : .
at a temperature of 200° C. The SEM [mages 1 FIG. ,10 10 reasonably small variation (31.2%) between pre-oxidation
show the topography of the substrate having a metal oxide . .
. . . and post-reduction sheet resistance values to show the
film, and the TEM image shows a thick layer of metal oxide . . ) e
in the substrate effectiveness of the reducing treatment in bringing the
FIG. 11 shows SEM images of 200 A copper seed layer substrate back to its original state. In addition, the 200 A
subjected to atmospheric annealing for variable times at a 15 copper seed layer annealed at 200° C. provides a strong
temperature of 200° C. Over time, the topography of the visual indicator of oxidation and reduction as shown in FIG.
substrate shows copper oxide being formed. 13.
TABLE I
Pre-Oxidation Post-Oxidation Post-Reduction
Seed Sheet Std. Sheet Std. Sheet Std.
Temp Thickness Resistance Dev. Resistance Dev. Resistance Dev. Change
°C) (A) (ohms/sq) (%) (ohms/sq) (%) (ohms/sq) (%) (%)
175 100 609  5.8% 1559  10.3% 7.00 4.6%  15.0%
200 185  3.5% 2.59 6.5% 1.83 32% -1.2%
400 077  3.2% 096  4.8% 0.72 41%  -5.9%
200 100 539 7.0% 2165 6.9% 9.78 8.9%  81.3%
200 176 3.0% 3987  40.6% 2.31 6.6%  31.2%
400 075 3.4% 240 24.8% 099  12.8%  32.3%
225 100 5.84  7.3% 2437 2.5% 1217 17.8% 108.5%
200 194  43% 8724  233% 2.57 6.9%  32.9%
400 074  3.8% 2471  524% 1.84 6.2% 149.3%

FIG. 12 shows TEM images of 200 A copper seed layer
subjected to atmospheric annealing for variable times at a
temperature of 200° C. The thicknesses of the copper oxide
film increase with increasing oxidation time. After 120
seconds, substantially all of the copper seed layer is con-
verted to copper oxide.

FIG. 13 shows images of wafers pre-oxidation, post-
oxidation, and post-reduction for different thicknesses of
copper seed. Indications of the oxidation of the wafer and
the reduction of the wafer can be shown demonstrated
visually. Copper seed can be deposited via PVD onto a
substrate in thicknesses of 100 A, 200 A, and 400 A. The
appearance of the substrates can be light-colored, shiny, and
reflective. After oxidation through an anneal chamber, the
appearance of the substrates can change to dark-colored,
opaque, and non-reflective to show that metal oxides are
formed. After exposing the substrates to a reducing treat-
ment, such as a remote plasma reducing treatment, the
appearance of the substrates can change back to light-
colored, shiny, and reflective to show the removal of metal
oxides.

Table 1 shows sheet resistance values for pre-oxidation,
post-oxidation, and post-reduction wafers. The wafers
varied in terms of seed layer thickness. The wafers varied in
terms of annealing temperatures during oxidation. Percent
change represents the change in sheet resistance
value post-reduction and pre-oxidation divided by the pre-
oxidation value. Thinner seed layer thicknesses demon-
strated noticeably higher sheet resistance values after oxi-
dation. Furthermore, the lower annealing temperature (e.g.,
175° C.) demonstrated the smallest variation of sheet resis-
tance value pre-oxidation and post-reduction. However, the
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Although the foregoing has been described in some detail
for purposes of clarity and understanding, it will be apparent
that certain changes and modifications may be practiced
within the scope of the appended claims. It should be noted
that there are many alternative ways of implementing the
processes, systems, and apparatus described. Accordingly,
the described embodiments are to be considered as illustra-
tive and not restrictive.

What is claimed is:

1. A method of characterizing metal oxide reduction, the
method comprising:

(a) providing oxygen into an anneal chamber;

(b) providing a substrate with a metal seed layer formed

thereon in the anneal chamber;

(c) exposing the substrate to conditions for forming a
metal oxide of the metal seed layer in the anneal
chamber, wherein the conditions include the substrate
being heated to a temperature equal to or greater than
about 50° C.;

(d) providing the substrate in a processing chamber; and

(e) exposing the substrate to a reducing treatment under
conditions that reduce the metal oxide to metal in the
form of a film integrated with the metal seed layer.

2. The method of claim 1, wherein providing oxygen into
the anneal chamber comprises exposing the anneal chamber
to atmospheric conditions.

3. The method of claim 1, wherein providing oxygen into
the anneal chamber comprises:

closing the anneal chamber from atmospheric conditions;
and

flowing oxygen into the anneal chamber.
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4. The method of claim 1, wherein exposing the substrate
to conditions for forming the metal oxide comprises con-
verting greater than 90% of the metal of the metal seed layer
to metal oxide.

5. The method of claim 1, further comprising:

heating a substrate support in the anneal chamber,

wherein the substrate is provided on the heated sub-
strate support.

6. The method of claim 5, wherein exposing the substrate
to conditions for forming the metal oxide comprises expos-
ing the substrate to the oxygen in the anneal chamber
simultaneous with exposing the substrate to the heated
substrate support.

7. The method of claim 5, wherein the temperature of the
heated substrate support is between about 100° C. and about
400° C.

8. The method of claim 1, wherein the metal seed layer
has a thickness between about 100 A and about 400 A.

9. The method of claim 1, further comprising:

measuring a first sheet resistance of the substrate prior to

exposing the substrate to the reducing treatment; and
measuring a second sheet resistance of the substrate after
exposing the substrate to the reducing treatment.
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10. The method of claim 9, further comprising:

measuring a third sheet resistance of the substrate prior to
exposing the substrate to conditions for forming the
metal oxide.

11. The method of claim 1, further comprising:

repeating operations (a)-(c) for each of a plurality of
additional substrates prior to providing the substrate in
the processing chamber.

12. The method of claim 11, further comprising:

repeating operations (d)-(e) for each of the plurality of
additional substrates after exposing the substrate to the
reducing treatment.

13. The method of claim 1, wherein exposing the substrate

to the reducing treatment comprises:

forming a remote plasma of a reducing gas species in a
remote plasma source, wherein the remote plasma
comprises one or more of: radicals, ions, and ultraviolet
(UV) radiation from the reducing gas species; and

exposing the substrate to the remote plasma.

14. The method of claim 1, further comprising:

cooling the substrate prior to providing the substrate in the
processing chamber but after exposing the substrate to
conditions for forming the metal oxide.
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